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Differential Scanning Calorimetry of Bacteria
939 Thermograms obtained by differential scanning calorimetry of a range of bacteria of different heat resistances were compared. Equations were derived to calculate the rate at which the numbers of viable organisms in a calorimeter decline as the temperature is raised at a constant rate. Vegetative bacteria scanned at 10 "C mind* showed multi-peaked thermograms with four major peaks (denoted m, n,p and q ) occurring in the regions 68-73,77-84,89-99 and 105-1 10 "C respectively. Exceptions were that peak m (the largest peak) occurred at 79-82 "C in Bacillus stearothermophilus and an additional peak, r, was detected in Escherichia coli at 119 "C. At temperatures below the main peak m there were major differences in thermograms between species. There was a direct relationship between the onset of thermal denaturation and the thermoresistance of different organisms. Heat-sensitive organisms displayed thermogram features which were absent in the more heat-resistant types. When samples were cooled to 5 "C and re-heated, a small endothermic peak,p,, was observed at the same temperature asp. Peaksp and pr were identified as the melting endotherms of DNA. In all vegetative organisms examined, maximum death rates, computed from published D and z values, occurred at temperatures above the onset of thermal denaturation, j.e. cell death and irreversible denaturation of cell components occurred within the same temperature range.
I N T R O D U C T I O N
Thermal injury to micro-organisms is known to involve particular cell components, including membranes, ribosomes and nucleic acids, yet the sequence of damaging events accompanying heating and the precise way in which these cause death of the cell remain largely unknown despite over 100 years of scientific research and commercial concern (Tomlins & Ordal, 1976; Beuchat, 1978; Pierson et al., 1978; Pellon & Sinskey, 1984) . There are few previous calorimetric studies of the thermal denaturation of bacteria even though differential scanning calorimetry (DSC) has been used to study heat activation and spontaneous germination of bacterial spores (Maeda et al., 1974 (Maeda et al., , 1975 Van Cauwelaert & Verbeke, 1979; Verbeke et al., 1981) , phase transitions in the lipids of bacterial membranes (McElhaney, 1982) and the thermal behaviour of bacterial cell water (Gonda & Koga, 1973) . Verrips & Kwast (1977) reported that the DSC thermogram of vegetative cells of the bacterium Citrobacter fieundii was composed o f eight unidentified endothermic peaks. The first two, at 50 "C and 55 "C, corresponded with the range of temperatures over which thermal death was thought to occur, but the relationship between temperature and the rate at which the number of viable organisms declined in the calorimeter was not established.
This study compares the DSC thermograms of a range of bacteria, and develops equations which allow calculation of the rate at which the number of viable micro-organisms in a calorimeter declines as their temperature is raised at a constant rate. This allows comparison of Temperature (" C)
Fig. I . Thermograms of vegetative bacterial cells. ( a )
Samples (10-15 mg wet wt) were heated at 10 "C min-' from about 10 "C to 120°C (solid line). After heating, each was rapidly cooled to its initial temperature and then re-heated as before (broken line). Left-hand arrow (1) indicates maximum growth temperatures, right-hand arrow (+) indicates temperature at which death rate is maximal (calculated as described in the Appendix, equation 14). (b) Difference plot of initial heating run minus re-run (see Methods), with values for To indicated by a vertical line. Minima (4) indicate thatp, was larger thanp. samples of E. coli peak m was very broad, indicating the merging of two peaks, which were just resolved in some samples. Evidence of partially resolved, small peaks on the leading and falling edges of peak m were seen in other organisms, e.g. S. faecalis var. liquefaciens. E. coli also exhibited an additional peak at about 119 "C, designated r (Fig. 1 a) .
By contrast, the thermograms of vegetative cells differed markedly at temperatures below that of the highest peak (m) (Fig. la) . The true psychrophile V. marinus showed considerable structure in this region with the start of appreciable irreversible denaturation, determined from the difference plots ( Fig. 1 b) , occurring at around 36 "C. Psychrotrophs began to denature at higher temperatures (around 42 "C for Br. thermosphacta, 47 "C for H . alvei and 49 "C for P . fragi) and showed less structure in front of 'm'. The mesophiles E. coli, S. faecium and S . faecalis var. liquefaciens started to denature at still higher temperatures, the onset (at 52 "C, 50 "C and 50°C respectively) leading via a point of inflexion to the main peak m. The thermophile B. stearothermophilus showed a sharp onset of denaturation at about 67 "C from which point the thermogram climbed steeply to a double maximum at 79 and 82 "C and then fell to show small maxima at 94 "C (possibly p ) and 106 "C (possibly q).
The temperature of onset of thermal denaturation was thus related to the thermal resistance of the different organisms, i.e. maximum growth temperatures (except for B. stearothermophilus) were always below the onset of thermal denaturation whilst the computed temperatures at which death rates were maximal were all above the onset of thermal denaturation. This was true for all the vegetative cells examined for which D and z values were tabulated by Tomlins & Ordal The total enthalpy of denaturation of the bacteria was measured from the onset of denaturation (To) to the end of peak q. After adjusting for dry mass the differences between bacteria were much larger than sample variations, values ranging from 9 to 20 J (g dry matter)-'. Further work may establish if these differences are consistent for particular bacteria. Generally, and more markedly in some species, the denatured cells appeared to have a slightly higher specific heat capacity than viable cells, resulting in the level of the re-run thermogram being slightly higher at low temperatures than in the initial run ( Fig. la) .
All the vegetative cells showed a small endothermic peakp, [enthalpy of transition 1.1 to 2.3 J (g dry matter)-* ; Table 11 when samples were re-run after heating to 120 "C and cooling to 5 "C. If the cells were initially heated to higher temperatures there was a tendency for pr to decline in size or disappear. pr showed a maximum at a similar temperature to p ( Table 1) 
Thermogram of' B. cereus spores
The thermogram of B. cereus spores (Fig. 2 ) differed markedly from those of the vegetative cells ( Fig. 1 ). Its major feature was a multiple exothermic/endothermic process which started at about 90 "C with the onset of an exotherm. The final endothermic peak occurred at about 110 "C and some samples showed evidence of an endothermic peak at about 102 "C, superimposed upon the exotherm.
Identity of' the thermogram peaks p and p,
The temperatures at which peak p occurred on thermograms were within the range of midpoint melting temperatures reported for purified bacterial DNA (Marmur & Doty, 1962; De Ley, 1970) . This and the apparent reversibility of the process (yieldingp, when re-run) suggested it could represent melting of intracellular DNA, as previously suggested by Verrips & Kwast (1977) . Therefore one might expect a correlation between the temperatures at which p, is a maximum (T,,,) and the percentage of G + C base pairs in the DNA. This was indeed the case; T,,, was highly correlated [r = 0.989, residual standard deviation (RSD) = 0.42 "C] with the mol fraction of G + C base pairs in the DNA ( XGc) and the two properties were related by the following empirical regression equation :
(1) To define the relationship between T,,, (determined by DSC) and T,, the spectroscopically determined mid-point melting temperature of DNA (De Ley, 1970; Record et al., 1981) , we examined the thermal denaturation of purified DNA from E. coli in solutions of different salt concentration. Fig. 3 shows experimentally-determined values of To (the temperatures of onset of thermal denaturation) and T,,, at different salt concentrations and compares these values with the corresponding values of T, calculated from the equation given by Record et al. (1981) :
(2) where XGc was taken as 0.5 for E . coli DNA and m3 is the molar concentration of salt. In (NaCI concn, M) is given by equation (10) and is compared to that obtained using either equations ( 5 ) from De Ley (1970) (----) or (2) To and T,,, increased linearly with the logarithm of the salt concentration and, as expected, T,,, lay between To and T,,, (Fig. 3) . Values of T,,, for E. coli DNA predicted from equation (2) were highly correlated (r = 0.99, RSD = 0.43 "C) with DSC measurements of T,,, in DNA solutions via the empirical regression equation : T,,, = 1.18 T,,, -20.9
(3) By combining equations (1) Equations (4) and (5) agree within 3 "C over the measured range of 0.35 < X,, < 0.62. Equally the values of T,,, predicted from our DSC results may be inserted into equation (2) to determine an apparent salt concentration (m3) inside the bacterial cell. The result that In m3 = -1.36 0.09 corresponds to a mean apparent concentration inside the cell of 257 mM and individual values ranged from 237 to 297 mM.
Details of the behaviour of purified E. coli DNA in the DSC are shown in Fig. 5 . At high salt concentrations (0.5 M and above) the endothermic denaturation of DNA was fully reversible ( Fig. 5a ) and similar in appearance to peak pr observed in re-runs of the vegetative bacterial cells. However, at low salt concentrations (0.1 M and below; Fig. 56 , c) endothermic processes were observed during the first heating cycle but subsequent cooling and re-heating sometimes produced an exothermic process with a maximum at about 90 "C (reminiscent of a feature of the thermogram of the bacterial spore, Fig. 2) . Finally, cooling and re-heating such samples revealed that the DNA had been irreversibly denatured (Fig. 5c) . IP 0 M (a), 0.1 M (b) or 0.01 M (c) . All thermograms (-) were re-run after cooling (----); (c) was also re-run a second time (--.-) . No adjustment of settings or pans between original and re-runs was made. Positions of peak maxima on the initial heating run were reproducible to k0-5 "C.
There was considerable scatter in our data for the enthalpy of DNA denaturation but little evidence that it was affected by salt concentration: the mean f SD, averaged over all salt concentrations, was 46 f 10 J g-l and within the range of values (34 to 58 J g-l) reported for various DNAs (Sober, 1970) . The measured value of the effective enthalpy of DNA melting may be used with the enthalpy of peakp, [ 1.1 to 2.3 J (g dry matter)-'] to predict the concentration of DNA present in vegetative cells, i.e. 2.3 to 5 % of the dry matter.
DISCUSSION
When a bacterium is heated a reproducible sequence of endothermic or exothermic processes occurs within it causing small perturbations to the specific heat capacity of the cell. These perturbations can be observed by DSC, which reveals a characteristic pattern of peaks that record specific denaturation processes. Thus, when heat-denatured vegetative cells were heated at 10 "C min-l a reversible endothermic peak, exhibiting a maximum in the range 90-100 "C, was produced by the heat denaturation of the DNA of the cell. The half-width of the process was a few degrees (a fraction of a minute) and this process could be distinguished from other denaturation events occurring at different temperatures and times.
Thermograms of the vegetative cells had a characteristic appearance ( Fig. 1) and were similar to the thermograms for Citrobacter freundii reported by Verrips & Kwast (1977) . Their data showed peaks at 70,83,92 and 103 "C, which correspond with our m, n, p and q peaks, and points of inflexion on the leading edge of m, corresponding to similar features observed in some of our organisms. Ashe & Steim (1971) reported that the main peak for Micrococcus lysodeikticus occurred at 76 "C but their observations ended at 90 "C and showed no clear peak beyond the main maximum. However, they made measurements with a different calorimeter, using larger samples, and their peak probably corresponds to our peak m, but it has been shifted to higher temperatures by a longer temperature lag in the sample.
There was a clear relationship between the onset of denaturation observed in the DSC and the thermal resistance of the organisms. Thus, in the cold-tolerant organisms V. marinus and Br. thermosphacta, denaturation began at lower temperatures than in the mesophilic E. coli or the thermophilic B. stearothermophilus. Therefore, either some denaturation processes were present in the psychrophile and psychrotrophs which were absent (or inappreciable) in the more thermally stable organisms, or in the latter group the same denaturation processes occurred but at higher temperatures.
In all vegetative organisms the computed maximum death rates occurred at temperatures above the onset of thermal denaturation, i.e. cell death coincided with irreversible denaturation of cell components. Examination of thermograms (Fig. l) , however, showed that there was no common feature associated with maximum death rate in all organisms. In V. marinus death occurred at temperatures well in advance of the large endothermic peak m, whereas in Br. thermosphacta and H . aloei, death occurred at temperatures progressively closer to 'm' and in E. coli and the streptococci death coincided with peak m. It is possible that the critical lethal events differ between organisms or, alternatively, that similar processes are involved in each organism but occur at different temperatures, e.g. in E. coli these processes occur at 20 "C higher than in V . marinus and are compounded with other substantial damage events represented by peak m. Verrips & Kwast (1977) suggested that in C. jieundii the peak corresponding to our peak rn was caused by denaturation of the ribosome, but did not provide evidence. Our data support their hypothesis since there appears to be some correlation between T,,,,, of peak m for V . marinus (73 "C), E. coli(69 "C) and B. stearothermophilus (79 "C) and the corresponding T,,, values for ribosome melting given by Campbell & Pace (1968) of 67-74 "C, 72 "C and 78-79 "C respectively. Clearly, further DSC studies on fractionated cell preparations are required to identify this peak conclusively. Extensive ribosome breakdown occurs when Salmonella typhimuriurn or Staphylococcus aureus are heated in phosphate buffer but not when they are heated in magnesium-containing buffers (Lee & Goepfert, 1975; Hurst & Hughes, 1978) . Hurst (1984) argued that ribosome destruction was not a primary target of damage by heat but was an indirect consequence of magnesium loss from heated cells leading to dissociation of ribosomal subunits and activation of a latent ribonuclease. If peak m does represent denaturation of the ribosome then, under our experimental conditions, ribosome destruction always occurred in heated cells but was not consistently related to maximum death rate.
The maximum growth temperatures reported for the different organisms were, as expected, below the onset of thermal denaturation, except for B. stearothermophilus. Precise determination of the temperature of onset of thermal denaturation (To) is limited by background 'noise' in the thermograms. However, if the measured value of To for this organism is correct, it implies that appreciable denaturation occurs at temperatures which permit growth. The resistance of thermophiles to heat has been attributed to (a) the intrinsic stability of proteins and other macromolecules to heat, (b) stabilization by protective factors within the cell and (c.) rapid turnover of heat denatured components. Substantial experimental evidence has been obtained only for mechanisms (a) and (b) (Zuber, 1979) . However, whilst the evidence for (c) remains controversial, rapid turnover of cell components as a contributory factor in thermotolerance cannot be ruled out, particularly where an organism is growing at temperatures close to its upper limit. Taken at their Face value our results imply that turnover would be necessary in B . stearothermophilus growing above 67 "C (the onset of thermal denaturation), but further evidence would be needed to confirm this.
Identification of peaks p and pr as the melting endotherms of D N A within the bacterial cell was indicated by several lines of evidence. First, temperatures at which the process occurred were within the expected range for the melting of bacterial DNA and varied exactly as would be predicted from the known content of G + C base pairs in the DNA; second, the process was reversible, consistent with the known renaturation properties of pure bacterial DNA; and third, the mass of DNA within E. coli, calculated from the enthalpy measurements, was in close agreement with reported values obtained by chemical analysis (Luria, 1960) .
The apparent salt concentration inside E. coli, calculated by inserting values of Tnl and A ' , ,
into the equation of Record et ul. (1981) , varied between 237 and 297 mM, which is close to the reported intracellular cation concentration of 260-300 mM (Schulze et al., 1963) . The melting temperature of E. coli DNA within the cell measured from peakp,. thus seemed to depend mainly on the internal ionic strength. However, bacterial DNA exists intracellularly as a folded structure stabilized by interaction with RNA, protein and polyamines (Stonington & Pettijohn, 1971; Worcel & Burgi, 1972) . Interactions with other molecules in vitro have been shown to increase the melting temperature of DNA. For example, the Tnl in 0.1 M-NaCl for denaturation of double helical DNA from E. coli was increased from 85 to 90°C by addition of 5 mMspermidine (Flink & Pettijohn, 1975) and polyarginine induced a biphasic melting profile in DNA from E. coli and other micro-organisms (Epstein et al., 1974) . Interactions of this sort in vivo should result in a broadening of the DNA melting profile and/or the appearance of additional peaks at high temperature due to the melting of stabilized DNA complexes. It is therefore possible that thermogram features additional t o p and p,. represent melting of DNA. The existence of stabilizing interactions might also explain differences betweenp andp,. Peak p,. was larger and sharper thanp, implying that more DNA melted at this temperature during the second heating cycle. This could occur if DNA melting was multiphasic during the first heating cycle but the stabilizing interactions were themselves disrupted by heat, thus restoring the melting point of a fraction of the DNA to the lower temperature.
A heat-induced change in the structure of the folded DNA structure (nucleoid) of E. coli was described by Pellon et ul. (1980 Pellon et ul. ( , 1982 . During exposure to mild heat (50 "C) the sedimentation coefficient of the nucleoid changed and new proteins were synthesized which subsequently became associated with the nucleoid during repair of thermal injury. Cells heated at 10 "C min-' in the DSC remain viable for a few minutes only and it therefore seems unlikely that the heatinduced protein described by Pellon et al. (1980 Pellon et al. ( , 1982 would have been synthesized in sufficient amounts to affect the melting profile of DNA seen in the DSC.
The denaturation characteristics of purified E. coli DNA in the DSC were in agreement with results obtained by other methods (Marmur & Doty, 1962; Dove & Davidson, 1962) , i.e. the melting temperature increased linearly with the logarithm of the ionic strength and renaturation occurred optimally in solutions of high ionic strength.
The large exothermic process which occurred on re-heating DNA at low ionic strength was unexpected and cannot be explained at present. The size of the enthalpy change could suggest that covalent bonding reactions were involved and, though several possible reactions have been described, including de-purination, de-pyrimidation and de-amination, these do not occur at significant rates at temperatures where the exotherm was observed (Greer & Zamenhof, 1962; Shapiro & Klein, 1966; Shapiro & Danzig, 1972; Lindahl & Nyberg, 1972 ). An alternative possibility is that some change in the state of the DNA occurred during re-heating, e.g. formation of a thermosetting gel. Equation (4) relating the melting point of DNA, determined by in situ DSC measurements, 10 the G + C content of bacterial DNA, was very similar to the standard equation ( 5 ) of De Ley (1970) . DSC thus offers a simple way to determine G + C values without first having to purify DNA : samples of whole cells grown on agar plates or centrifuged from broth cultures could be placed directly in the DSC and the G + C content calculated from the temperature of peak p,..
Clearly, a wider range of bacteria should now be examined to obtain a more accurate relationship between T,,, and A ' , , . .
By the use of DSC, we have shown for the first time that the heat resistance of different microorganisms is related to the thermostability of their cell components in situ. By identifying the particular cell components associated with thermogram peaks we should be able to define the sequence of denaturation events that occurs during thermal inactivation of micro-organisms. 
Thermal death rates of bacteria in the DSC
Two parameters are often used to describe the rate at which bacterial cells are killed. The D value, at a particular temperature, is the time taken for the number of surviving cells to be reduced by a factor of 10. The z value is the increase in temperature required to reduce the D value 10-fold.
If it is assumed that thermal death in micro-organisms is a first order process, then: where Integration of equation (7) results in an equation relating D at any arbitrary temperature T to A and the value (0,) at a particular temperature T,:
Inserting equation (8) in (6) gives:
If, at instant t = 0, the temperature of the sample is increased from To at a constant rate r, the temperature at any instant is given by:
The number of survivors at any temperature is given by inserting equation (10) in (9) and integrating :
The rate at which equation (9):
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the population is killed per unit time is obtained by inserting equation (1 1) in and the rate at which the population is killed per unit increase in temperature can be calculated from equation (12) using the relation:
The temperature TO,,, at which the death rate is a maximum may be calculated by differentiating the logarithm of equation (12) and setting it equal to zero, from which:
TO,,, = Te + -I n ( : ) 2.303 (14)
The width of the peak may be described by its width at half the peak height; this is called the 'half-width', AT. The temperatures TO,,, + 6 either side of the maximum at this level may be obtained by setting the ratio of the peak heights at TO,,, and at TO,,, + 6 equal to 2:
Inserting the identity and taking logarithms of both sides yields:
This has two roots, corresponding to the two temperatures, either side of the peak: (Fig. A 1) . Calculations were insensitive to precise values of To provided this was low and for the purpose of this work it was set equal to 10 "C. The death rate for each organism was low or zero at low temperatures but increased eventually with temperature, slowly at first and then more rapidly to a maximum rate at a temperature denoted by TO,,, (Fig. Al) .
Further increase in temperature caused a rapid decline in the death rate. The result was a somewhat asymmetric, single-peaked curve. Increasing z, while keeping other parameters constant, increased the half-width proportionately (Fig. A 1 a) as predicted by equation (1 5).
TO,,, increased in proportion to the logarithm of D (Fig. A1 b) and the logarithm of the heating rate (Fig. A 1 c) , as predicted by equation (14), and as expected (equation 15) variations in D and r did not affect the half-width AT.
The temperature at which death rate was a maximum, TO,,,, and the half-width, AT, were calculated using equations (14) and (1 5 juecalis var. liquejuciens, Table Al) the temperatures, T,,,,, at which the death rate was highest were similar.
Equations (6), (7) and (10) upon which the above calculations are based are approximations to the real behaviour of organisms in a DSC and are subject to certain qualifications. Inactivation of bacteria in the DSC may not conform strictly to the first order rate kinetics assumed in the calculations; if, for example, a shoulder were present, values of To,,, would be too low. The equations also assume that z does not change with temperature; this may not necessarily be so and calculations are only strictly valid for temperatures within the range where D and z were determined. No allowance is made for possible growth of organisms at low temperatures which might affect inactivation rates at low heating rates. Conversely, at high heating rates the analysis is likely to be un'realistic due to the establishment of appreciable thermal gradients within the sample.
Values of To,,, calculated for organisms used in the present work were, as expected, consistent with their known thermal resistances: the particular calculated values of TD,,, may, however, be subject to errors arising from differences between our strains and those whose D and z values are reported in the literature, and differences between heating conditions in the DSC and those used for determination of reported D and z.
.
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